Eldridge L, Moldobaeva A, Wagner EM. Increased hyaluronan fragmentation during pulmonary ischemia. Am J Physiol Lung Cell Mol Physiol 301: L782-L788, 2011. First published August 5, 2011; doi:10.1152/ajplung.00079.2011, a glycosaminoglycan critical to the lung extracellular matrix, has been shown to dissociate into low-molecular-weight (LMW) HA fragments following exposure to injurious stimuli. In the present study we questioned whether lung HA changed during ischemia and whether changes had an effect on subsequent angiogenesis. After left pulmonary artery ligation (LPAL) in mice, we analyzed left lung homogenates immediately after the onset of ischemia (0 h) and intermittently for 14 days. The relative expression of HA synthase (HAS)1, HAS2, and HAS3 was determined by real-time RT-PCR, total HA in the lung was measured by an ELISA-like assay, gel electrophoresis was performed to determine changes in HA size distribution, and the activity of hyaluronidases was determined by zymography. A 50% increase in total HA was measured 16 h after the onset of ischemia and remained elevated for up to 7 days. Furthermore, a fourfold increase in LMW HA fragments (495-30 kDa) was observed by 4 h after LPAL. Both HAS1 and HAS2 showed increased expression 4 -16 h after LPAL, yet no changes were seen in hyaluronidase activity. These results suggest that both HA fragmentation and activation of HA synthesis contribute to increased HA levels during lung ischemia. Delivery of LMW HA fragments in an in vitro tube formation assay or directly to the ischemic mouse lung in vivo both resulted in increased angiogenesis. We conclude that ischemic injury results in matrix fragmentation, which leads to stimulation of neovascularization.
AN EXTENSIVE LITERATURE DOCUMENTS that tissue-specific matrix conditions are required to support organ structure, modulate fluid dynamics, and regulate the behavior of resident cells within a tissue. Specifically, hyaluronan (HA), a hydrophilic glycosaminoglycan found in the extracellular matrix, has been shown to possess a range of biological activities based on its size. HA plays an important role maintaining the structural integrity of the lung where normal single HA chains range in size from 1,000 to 4,000 kDa. Each HA chain is made up of repeating polymeric disaccharides of D-glucuronic acid (1-␤-3) and N-acetyl-D-glucosamine (1-␤-4 ). An increase in matrix turnover, the breakdown of HA chains, and an overall change in the size distribution of HA have been associated with tissue injury (13) . Gao and colleagues (3) have confirmed that increased levels of oxidants in the lung lead to an increase in low-molecular-weight (LMW) HA. Furthermore, LMW HA fragments (Ͻ500 kDa) have been shown to activate inflammatory cells, leading to cytokine release likely through binding Toll-like receptors (2) . Interestingly, high-molecular-weight (HMW) HA has been shown to provide protection in some injury models such as after ozone exposure (4), LPS-induced vascular permeability (17) , and smoke-induced lung injury (6) , competitively inhibiting the effects of LMW HA. Since each of these lung injury models includes changes in the redox balance of the lung, one might predict that LMW HA initiates an inflammatory response in the lung whenever reactive oxygen species (ROS) are released. We have shown recently that ischemia-induced angiogenesis in the lung is initiated by the release of ROS (12) . Complete obstruction of the left pulmonary artery in mice caused an early and transient increase in ROS release, which appeared to play a central role in promoting subsequent systemic neovascularization of the lung. However, whether HA fragmentation occurs during lung ischemia is unknown.
Within the field of angiogenesis, HA has been studied both as an endothelial cell proliferative agonist as well as an essential biomaterial for therapeutic neovascularization for peripheral artery occlusive disease (20) . LMW HA has been shown to have direct stimulatory effects on endothelial cells leading to increased cell proliferation and vessel formation (22, 23) .
Given these reported associations of LMW HA, ROS, and angiogenesis, we tested whether HA fragmentation occurred during ischemia caused by complete cessation of pulmonary perfusion in the left lung of mice. In the present study we hypothesized that acute pulmonary ischemia causes HA fragmentation, which contributes to the cascade of events culminating in angiogenesis. Our results are consistent with this hypothesis and suggest an important role for lung matrix components in recovery from ischemic injury.
METHODS

LPAL.
Our experimental protocol was approved by the Johns Hopkins Animal Care and Use Committee. Six-week-old C57Bl/6 mice were anesthetized (2% isoflurane in room air), intubated, and ventilated (120 breaths/min, 200 l/breath). A left lateral thoracotomy was performed between the third and fourth rib, exposing the left lung. The left pulmonary artery was located, separated from the left bronchus, and ligated (12, 15) . The left lung was harvested and snap frozen immediately after ligation for the 0-h control time point. We used the 0-h lung immediately after left pulmonary artery ligation (LPAL) since it most closely matched the state of the vascular bed and lung components at subsequent time points and prior to significant ischemic injury. For 4-h to 14-day mice, the thorax was closed after LPAL and the mice were ventilated briefly and allowed to recover. Some animals were treated with the antioxidant N-acetyl-L-cysteine (NAC; reconstituted in 1 M NaOH and pH adjusted) 24 h, 12 h, and immediately before surgery (ip, 1 mg/g body wt; 0.3 ml).
Total HA. Lungs were homogenized (PBS) weight by volume, and supernatants were measured by an ELISA-like assay according to manufacturer's protocol (Echelon Biosciences, Salt Lake City, UT). This commercially available ELISA-like assay has been shown to be effective at measuring all sizes of HA tested (2,000 -6.4 kDa; Ref. 5) .
HA fragmentation. To ensure accurate loading, total HA was first determined (ELISA-like assay) before lung homogenates were treated with Pronase (13 mg/ml; Calbiochem, San Diego, CA) and incubated overnight (55°C). Samples were boiled (10 min) and concentrated (20K Icon Concentrators, Thermo Scientific, Rockford, IL; 12 min at 3,900 rpm). To avoid residual protein contamination in the gel analysis and to focus specifically on HA and not all glycosaminoglycans, paired samples were studied in parallel with and without lyase degradation of HA. One of the paired aliquots of each sample was treated with hyaluronate lyase (HYAL) from Streptomyces hyalurolyticus (1 unit per 10 l; Sigma-Aldrich, St. Louis, MO), incubated (1 h at 37°C), and boiled. In pilot experiments using a known amount of HA in excess of the amount found in the lung, this HYAL treatment removed all HA. The paired lung homogenate samples were loaded into a 0.5% agarose gel (50 V for 5 h), subsequently stained with Stains-All (Sigma-Aldrich) overnight in the dark and then destained for 1-2 days in the dark. Images of gels were taken with a Kodak Gel Logic 112 Imaging System, and analyzed with Molecular Imaging Software, version 5.0 (Carestream Health, Rochester, NY). Using a HA ladder (Hyalose, Austin, TX) to set size limits, we determined HA fragments in the ranges 495-310 kDa, 310 -110 kDa, and 110 -30 kDa by measurement of pixel intensity of the original sample less the lyase-treated paired sample.
Hyaluronidase activity. The activity of all hyaluronidases was determined by zymography using standard techniques. Zymograph images showing hyaluronidase activity were evaluated by use of the Kodak Gel Logic 112 imaging system (Carestream Health).
HA synthase expression. A section of left lung was used to isolate mRNA for each sample. With use of standard techniques, real-time RT PCR was performed using a TaqMan PCR Core Reagent Kit (Applied Biosystems, Foster City, CA) on a Bio-Rad CFX96 RealTime System (Hercules, CA).
Tube formation assay. To evaluate effectiveness of LMW HA in promoting endothelial tube formation in lung pleural tissue, we adapted methods previously employed (9) . Growth factor reduced Matrigel matrix (BD, Franklin Lakes, NJ) was mixed with endotoxinfree LMW HA (30 g, 130 kDa HA, Lifecore Biomedical, Chaska, MN) or HMW HA (30 g, 4,000 kDa, Healon, Abbott Medical Optics, Santa Ana, CA). Small pieces of the pleural surface from fresh lung tissue (1 mm 3 ) were harvested from naive C57Bl/6 mice and plated on the Matrigel with different-sized HA (96-well plates). Each group was plated in triplicate, and medium (DMEM, 10% FBS, heparin) with LMW HA or HMW HA (60 g/ml) was changed every other day. After 6 days of incubation, images of each well were obtained (Olympus IX51 microscope, Olympus, Center Valley, PA and High Performance SensiCam, Cooke, Auburn Hills, MI) by an individual blinded to the treatment protocol. Tube numbers per well and total tube lengths of connecting cells were measured by use of Image Pro Plus 5.1 software (Media Cybernetics, Bethesda, MD). Confirmation of endothelial cell phenotype was performed in parallel experiments by staining with FITC-labeled anti-mouse CD31 antibody (BD).
Angiogenesis assessment. After mice were anesthetized (2% isoflurane) and intubated for ventilation, the extent of neovascularization was determined by measuring systemic blood flow to the left lung 14 days after LPAL with use of labeled microspheres (12, 15) . The carotid artery was cannulated and 360,000 microspheres (10 m) were infused. Mice were euthanized by exsanguination and the left lung was removed. Fluorescent microspheres (Invitrogen, Eugene, OR) lodged in the left lung were quantified after tissue digestion and fluorescent dye extraction, and the number was calculated from a standard curve. Data are presented as the percent total microspheres delivered, i.e., % cardiac output. Angiogenesis was assessed in two treatment groups 14 days after LPAL. Mice received either PBS (40 l) or endotoxin-free LMW HA (495-30 kDa; 40 l of 2.3 mg/ml), delivered 4, 24, 48, and 72 h after LPAL by intratracheal aspiration. In preliminary studies, this treatment caused a substantial increase in total HA in bronchoalveolar lavage fluid (1,481.5 Ϯ 237.1 ng/ml; n ϭ 3 mice) 20 h after intratracheal delivery compared with no treatment (25.8 Ϯ 8.4 ng/ml; n ϭ 3 mice).
Statistics. Average data are presented as means Ϯ standard errors. A P value Ͻ0.05 was accepted as statistically significant. Fold-change data were analyzed by Wilcoxon's signed-rank test (total HA). Student's t-test was used to compare changes in blood flow. For multiplegroup comparisons, Kruskal-Wallis followed by Dunn's multiplecomparison test were applied (HAS expression, HA fragment pixel intensities, tube lengths and numbers).
RESULTS
Total HA increases early after the onset of ischemia. To determine whether HA increased after the onset of complete left lung ischemia, the time course of changes in total HA (ng/ml) in left lung homogenates was measured immediately (0 h); 4, 8, 16 , and 24 h; and 3 and 14 days after LPAL. A representative time course obtained from one assay is shown in Fig. 1A (n ϭ 1-2 mice/time point) demonstrating an increase in Fig. 1 . A: representative time course of changes in total hyaluronan (HA) (ELISA-like assay) in the left lung after left pulmonary artery ligation (LPAL). An early increase is observed within the first 24 h that gradually recovers by 14 days (n ϭ 1-2 mice/time point). d, Days. B: total HA in the left lung after LPAL (% 0 h left lung; n ϭ 6 -9 mice/time point). A significant increase in total HA was observed by 8 h after LPAL and remained elevated until the 14-day time point. (*P Ͻ 0.05).
total HA followed by subsequent recovery at a late time point. Average group data (n ϭ 6 -9 mice/time point) are presented in Fig. 1B with each assay normalized to control (0 h). A significant increase in total HA was observed by 8 h, with a maximum average increase of 50% (P Ͻ 0.05). Total HA 14 days after LPAL was not different from control level (0 h).
Increased HA fragmentation. To determine whether HA fragmentation occurred after ischemia, changes in HA size in lung homogenates were evaluated by agarose gel electrophoresis. Figure 2A shows a representative experiment. Each sample (0 h, 4 h) was run without (left lane) and with (right lane) HYAL. The right-sided pair of each sample shows diminished intensity demonstrating removal of HA. On the basis of preliminary time course data in which smears associated with the 4-h sample showed the greatest intensity, we focused on comparing lungs from mice 0 and 4 h after LPAL (n ϭ 7-10 mice/group). Pixel intensities were determined using the HA ladder as limits for each size range. Significant increases in each of the three fragment size ranges were observed when comparing 0-h left lungs with 4-h left lungs ( Fig. 2C ; P Ͻ 0.05). On the basis of these results and previous work from our laboratory demonstrating an increase in ROS by 4 h after LPAL (12), we selected the 4-h time point to evaluate changes in fragmentation in animals undergoing antioxidant treatment with NAC (n ϭ 10 mice). Figure 2B shows a gel from lungs of mice 4 h after LPAL; the left two lanes are of lungs without NAC treatment and the right two lanes are of lungs with NAC pretreatment. As seen in Fig. 2C , fragmentation in lungs from NAC-treated mice was substantially reduced compared with untreated mice 4 h after LPAL within the ranges 495-310 kDa and 310 -110 kDa (P Ͻ 0.05). Although the smallest fragment size also trended downward, the average value failed to reach statistical significance.
Hyaluronidase activity remains constant. To determine whether changes in fragmentation were related to increased hyaluronidase activity, HA zymography was used to measure the activity of naturally occurring hyaluronidases in lung homogenate after LPAL. Figure 3 shows the results of a representative example from three separate experiments (n ϭ 3 mice/time point). The activity of hyaluronidases remained unchanged over the time course from 0 h through 24 h.
HA synthase expression increases after the onset of ischemia. To determine whether synthesis of new HA also contributed to the increase in total HA, we examined the time course of changes in expression of the three HA synthases, HAS1, HAS2, and HAS3 using real-time RT PCR. Figure 4A shows the time course of changes in expression of HAS1, HAS2, and HAS3 normalized to GAPDH in a representative experiment (n ϭ 2 mice/time point). HAS1 and HAS2 appear to show a maximum expression by 16 h after LPAL followed by relatively low expression levels at subsequent times. HAS3 showed a higher absolute baseline expression than HAS1 and HAS2 and an increased level of expression at later time points. On the basis of these observations and the variation in the exact time course profile in replicate experiments, we grouped expression data into 0 h (control), early (4 -16 h), and late (1-14 days) expression. Group average data of absolute gene expression normalized to GAPDH are presented in Fig. 4 , B-D. When grouped into early and late time responses after LPAL, both HAS1 and HAS2 showed significant increases compared with control (0 h; P Ͻ 0.01). because of very low control levels, these changes represented very large fold changes. Despite overall higher baseline expression levels, no changes in HAS3 were seen (Fig. 4D) .
LMW HA increases tube formation. To confirm the angiogenic activity of LMW HA, pleural tissue was studied in vitro. Representative images from tube formation assays are presented in Fig. 5A . Cultures treated with LMW HA showed cells forming tubes radiating from tissue (right) whereas cultures treated with HMW HA showed only dispersed cells associated with tissue (left). Figure 5B shows average results from tube formation assays from pleural tissue cultures treated with vehicle, HMW HA, and LMW HA (n ϭ 5). The sum of tube lengths in LMW HA-treated cultures was significantly greater than when HMW HA was delivered (P Ͻ 0.01). Vehicletreated cultures resulted in an intermediate level of tube formation that was not statistically different from LMW HA or HMW HA. Additionally, the number of tubes after LMW HA treatment (34 Ϯ 5 tubes) was significantly greater than in tissue treated with HMW HA (15 Ϯ 1; P ϭ 0.01). Staining cultures with an endothelial cell antibody showed both CD31ϩ and CD31Ϫ cells contributed to measured tubes.
Increased angiogenesis after intratracheal LMW HA. To determine the effects of additional LMW HA fragments on in vivo angiogenesis after LPAL, systemic blood flow to the left lung was determined. As seen in Fig. 6 , blood flow to the left lung 14 days after LPAL was significantly greater in mice given additional intratracheal LMW HA fragments compared with vehicle-treated mice (P Ͻ 0.05). , and HAS3 expression, normalized to GAPDH (n ϭ 2 mice/time point). HAS1 and HAS2 expression increased within the first 24 h after LPAL. HAS3 showed a greater initial expression; however, it did not change until late after LPAL (7 days). B: average HAS1 expression relative to GAPDH immediately after LPAL (0 h), early (4 h-16 h), and late (1 day-14 days) after LPAL (*P Ͻ 0.01 from 0 h; n ϭ 8 -14 mice/group). C: average HAS2 relative to GAPDH expression immediately after LPAL (0 h), early (4 h-16 h), and late (1 day-14 days) after LPAL (*P Ͻ 0.05 from 0 h; n ϭ 9 -15 mice/group). D: average HAS3 relative to GAPDH expression immediately after LPAL (0 h), early (4 h-16 h), and late (1 day-14 days) after LPAL (n ϭ 5-16 mice/group).
DISCUSSION
Changes in the HA size and content have been recognized as indexes of injury in the lung in models of pulmonary hypertension (Ref. 14, no. 1484), chronic obstructive pulmonary disease (Ref. 1, no. 1485), asthma (4), acute lung injury (8) , and pulmonary fibrosis (11) . The overall goal of the present study was to determine whether acute ischemia in the lung caused detectable changes in HA, a glycosaminoglycan critical to the structural integrity of the lung. Several other laboratories have demonstrated that ROS-induced injury in the lung results in fragmentation of HA (3, 4) . Since our laboratory recently demonstrated that acute pulmonary ischemia in the mouse lung resulted in early increases in ROS (12), we questioned whether this stimulus was sufficient to result in the breakdown of HA. Our results demonstrated an early increase in LMW HA including a size range of fragments previously shown to elicit a range of inflammatory responses (2) . Furthermore, antioxidant treatment of mice prior to the onset of ischemia resulted in a substantial reduction in the level of HA fragmentation. Our laboratory previously reported that antioxidant treatment lead to a decrease in ROS in the lung and a decrease in subsequent systemic angiogenesis (12) . Therefore, we also questioned whether LMW HA fragments contributed to the process of neovascularization in the lung. Using two different angiogenesis assays, our results are consistent with the hypothesis that LMW HA contributes to the neovascularization that is part of the repair process after pulmonary ischemia.
Since measurements of HA content of the lung do not discriminate among different sizes of HA chains (5), specific evaluation of fragmentation was needed. We focused on fragment sizes shown previously to be increased after injury (495-30 kDa). On the basis of the initial time course (Fig. 2A) and previous estimates of maximum ROS release (12) , and in advance of the significant change in total HA observed by the ELISA-like assay, we evaluated the lung 4 h after LPAL. Our results demonstrated a significant increase in each of the three size ranges, 495-310, 310 -110, and 110 -30 kDa of HA. Furthermore, since we have shown previously that antioxidant treatment limits ROS in the lung in this model, we evaluated fragmentation at the same time point in NAC-treated mice. Consistent with our hypothesis, results demonstrated a substantial attenuation in fragmentation. Additionally, these results are consistent with previous reports that ROS contribute to HA fragmentation in the lung (3, 4) .
We also examined gene expression profiles of the HA synthases expecting that synthesis contributed to the increase in total HA content. These enzymes are membrane bound and, as the disaccharide chains are formed, they extend into the extracellular space. De novo synthesis of HA is through the activity of HA synthases (HAS1, HAS2, and HAS3), which differ in their production capacity. Itano and colleagues (7) have shown that HAS1 is the least active of the synthases and produces a wide range of sizes from 200 to 2,000 kDa. In contrast, HAS3 is the most active and produces HA of lower molecular weight (Ͻ1,000 kDa) whereas HAS2 produces the largest HA size chain with an average greater than 2,000 kDa. Our results showed an early (4 -16 h) increase in HAS1 and HAS2 gene expression that may contribute to the overall increase in total HA content. Although HAS3 activity may contribute to the measured increase in HA fragments, it appears not to be induced by early events within the ischemic lung. Changes in the gene expression of HAS1 and HAS2 early after the onset of ischemia is suggestive of these synthases playing a role in the subsequent increase in total HA within the lung. Additional studies are required to confirm the precise role these enzymes play in the recovery of the lung from ischemic injury.
Another mechanism whereby fragmentation of lung HA might occur is through activation of any of the several hyaluronidases known to exist in the lung. Monzon and colleagues (10) showed that ROS can increase hyaluronidase 2 expression and activity in bronchial epithelial cells. However, we saw no change in activity in ischemic lung tissue when evaluating all hyaluronidases by zymography over a range of time points after the onset of ischemia. We concluded that the hyaluronidases are not activated by the ischemic status of the lung and that these enzymes appear unlikely to contribute to the large increase in fragmentation observed 4 h after LPAL.
Within the field of angiogenesis, HA has been studied both as an endothelial cell proliferative agonist as well as an essential biomaterial for therapeutic neovascularization for peripheral artery occlusive disease (20) . LMW HA has been shown to have direct stimulatory effects on endothelial cells leading to increased cell proliferation and vessel formation (22, 23) . However, others have shown the most effective are very short chains (3-10 disaccharide units; Ͻ6.5 kDa) referred to as oligosaccharides of HA (18) . Using a tube formation assay, we demonstrated clear differences in pleural tissue cultures exposed to LMW HA (130 kDa) and HMW HA. Our laboratory previously showed this assay system to be useful to assess growth factors important to the process of endothelial cell tube formation (9) . Furthermore, histological assessment of the ischemic lung after LPAL demonstrated vascular structures emanating to and from the pleural surface (21) . In the present study we evaluated tube formation of endothelial cells originating in pleural tissue in culture medium with LMW HA and HMW HA. LMW HA (130 kDa) promoted significantly greater tube formation than HMW HA. This size (130 kDa), although found to increase significantly 4 h after LPAL, is considerably larger than what others have shown demonstrates angiogenic properties (18) . In this experiment, we compared HMW HA with LMW HA, although HMW HA could also have been providing an angiostatic stimulus. HMW HA has been shown to be angiostatic, suppressing endothelial cell proliferation and disrupting endothelial cell monolayers (23) . Consequently, the differences observed could be the result of the angiostatic properties of HMW HA as opposed to the proangiogenic properties of LMW HA. The vehicle control showed an intermediate level of tube formation.
We also tested our in vivo model after LPAL to determine whether intratracheal delivery of LMW HA fragments would stimulate neovascularization of the left lung. Delivery of HMW HA was technically difficult because of its high viscosity. Consequently, a PBS vehicle control was used for comparison. LMW HA increased the level of functional angiogenesis as assessed by blood flow to the left lung 14 days after LPAL. Thus both models were consistent in showing that LMW HA fragments increased properties of angiogenesis in lung tissue.
The mechanisms responsible for the effects of LMW HA in promoting angiogenesis in this model can only be speculated upon. Specific endothelial cell mechanisms are thought to be related to the binding of very-low-molecular-weight HA (Ͻ6.5 kDa) to CD44 and RHAMM and activating proliferation, migration, and tube formation (16, 18) . Since we used larger size fragments shown to be present in the lung 4 h after LPAL, it is unclear whether these directly stimulated endothelial cells in the lung to form tubular structures that connect with the intercostal arteries that eventually invade the lung. However, HA fragments of the same size we used have been shown to induce cytokine release from inflammatory cells (2) . Since this model of systemic angiogenesis has been shown to be dependent on chemokine growth factors (15, 19) , the effects of HA fragments may be predominantly indirect, stimulating the release of growth factors that promote neovascularization. Additional studies are required to determine the precise mechanism by which LMW HA (130 kDa) exerts a proangiogenic outcome.
In summary, we have shown that left lung ischemia leads to an increase in total HA early after LPAL that persists for several days. This increase was due to both an early increase in HA fragmentation as well as an increase in HA synthase expression, but not due to a change in hyaluronidase activity. Furthermore, antioxidant pretreatment of mice before LPAL resulted in a decrease in fragmentation, suggesting that ROS released during acute ischemia contribute to HA fragmentation. LMW HA fragments delivered to the lung after LPAL as well as within an in vitro tube formation assay both showed enhanced angiogenesis.
